The interaction between aortic valve (AV) and aortic wall pathology is currently unclear. No intraoperative examination or investigation is able to predict postoperative dissection or aneurysm formation in patients operated on for primary AV pathology. The aim of the present study was therefore to evaluate the mechanical and histological properties of the aortic wall in patients operated on for aortic stenosis (AS) or regurgitation (AR).
INTRODUCTION
Aortic-wall pathology with aneurysm formation is frequently associated with a structural deterioration of the aortic valve (AV). For example, a severe aortic stenosis (AS) might be accompanied by an ascending ( post-stenotic) dilatation, which is believed to be caused by turbulent blood flow [1, 2] . In addition, a bicuspid aortic valve (BAV) is considered a potential risk factor for the development of aortic dilatation, with a higher risk of a future acute aortic dissection (AAD) [3] . It is currently unclear whether the nature of AV pathology determines aortic wall alteration, including ascending aortic dilatation, or whether the processes are independent of each other. So far, it is not known whether a dilated aorta combined with an AV dysfunction is prone to the same dissection risk as primary dilated aorta without severe AV deterioration. Therefore, the present study was conducted to compare aortic wall cohesion in patients with either AV regurgitation (AR) or AS with or without the presence of aortic dilatation (aneurysm).
We have recently introduced a new device that allows testing the cohesion of the aortic wall intraoperatively and can help to detect unstable aortas [4] .
MATERIALS AND METHODS

Aortic wall cohesion testing
The testing was conducted using the dissectometer. The dissectometer is protected by two patents (Czech CZ18420U1 and US 2009/0191615A1) and one European patent proposal (EU No. 09000634). In brief, the device consists of a mechanical actuator with a special customized and patented holding-jaws design for holding an extremely small sample of the aortic wall from both sides (adventitial and endothelial), therefore simulating the natural process of the aortic dissection. The dissecting process is monitored by a camera system and is recorded simultaneously to the tensile strain curves (TSC) on a digital computer system (Fig. 1) .
The results of the dissecting process were visualized as TSC (Fig. 2) . Every TSC is a unique conversion of a curve to numerical parameters, which allow the statistical comparision of curves. P1, P2, P5 and P6 correspond to points on the curve. P1 (mm) is the beginning of the positive deviation-the point when the dissectometer registers the tension in the sample. P2 (mm) is the point of the dissection and the power has a value of zero. P5 (N) is the first power maximum (at this point the power has decreased temporarily). After this point, the aortic wall sample is damaged irreversibly. P6 (N) represents the 'dissection limit', after which the power necessary to disrupt the aorta decreases. P3 (N mm −1 ) is the angle of the line between P1 and P5. This characteristic describes the elasticity of the aortic wall-the sharper the angle, the higher the elasticity of the aorta. P4 (N mm −1 ) is the angle of the power decrease, which characterizes the cohesion of the aortic wall. P7 (N mm −1 ) represents the area under the TSC, which describes the total cohesion of the aorta [4] . These seven parameters were used to mathematically derive the next two parameters, P8 and P9. P8 is described as the 'dissection tendency' (calculated as the maximal force divided by the downward angle) and P9 as the 'dissection potential' (calculated as the sum of P8 and the square root of P7 divided by 10). The parameters P7, 8 and 9 were found to have the highest predictive value for determining aortic wall instability; the higher the test value, the better was the quality of the aortic wall (Benedik et al. Perioperative testing of the aortic wall cohesion, comparison with the histological examination, article under consideration).
Study design
This study was approved by the Institutional Review Board and written informed consent of the patients was obtained. A total of 229 patients were enrolled, and samples of their aortic walls were tested using both the dissectometer and histology. One hundred and thirty-five of these patients presented with AS (or predominantly AS) (Group 1) and 94 patients presented with AR (Group 2) based on preoperative transoesophageal echocardiography (TEE). Patients were then divided into three subgroups according to the ascending aortic maximal diameter (MAD):
Normal aortic diameter (A: ≤39 mm), slightly dilated aorta (B: 40-49 mm) and aneurysm (C: diameter ≥50 mm).
Intraoperative echocardiography
TEE was performed prior to cardiopulmonary bypass (CPB) in all patients using a multiplane 2.9-6.7 MHz (6T-RS) phasedarray-probe (Vivid i, GE Healthcare, Milwaukee, WI, USA). All aortic dimensions (diameter of the aortic annulus, aortic sinuses, sinotubular junction and ascending aorta) were measured following a standardized protocol.
Aortic wall sample collecting
A sample of the aortic wall with an approximate size of 5 × 20 mm was harvested from the margin of the aortic incision on aortic convexity of the greater curvature of the aorta immediately after aortotomy and divided into two equal halves. One half was placed in cold saline solution (4°C) and was cut with a circular knife to obtain a circular probe with a diameter of exactly 4 mm to undergo testing by the dissectometer. The second half of the sample was placed in formaldehyde for further histological examination.
Histological examination
All samples were collected in 4% buffered formalin, embedded in paraffin and cut to micrometre sections. These sections were stained with haematoxilin and eosin, and Elastica van Giessen.
Histological examination was performed by an independent, blinded pathologist. The aortic wall was categorized using an integrated approach, by evaluating the media according to presence of vacuolization and texture disturbances as 'pathological/ media degeneration', or 'intact/minimal changes'.
Statistical examination
All descriptive statistics are summarized for categorical variables as frequencies (%). Continuous variables are reported as mean ± standard deviation. Comparison of groups was done using Pearson's χ 2 or Fisher's exact tests for categorical data, as appropriate. Comparison between groups according MAD was performed using the Mann-Whitney U-test. Spearman correlations between all variables were calculated. A univariate and multivariable linear logistic regression model was constructed to evaluate the influence of several parameters on the aortic diameter for patients presenting with both AS and AR. The following parameters were used for the regression analysis: aortic annulus, aortic sinuses, sinotubular junction, and aortic wall thickness, P7, P8 and P9. Those variables identified by the univariate analysis with a P-value <0.1 were added to the multivariable model. A P-value <0.05 was considered to indicate statistical significance. All statistical analyses were performed using the SPSS System ® , version 19.0 (IBM Corp., Armonk, NY, USA).
RESULTS
Comparison between aortic stenosis and aortic regurgitation
Of 229 patients with AV pathology, 135 patients presented with AS and 94 with AR. All demographic data are summarized in Table 1 . AR patients were younger (65.3 ± 11.9 years vs 69.5 ± 10.7 years, P = 0.009) and had a significantly higher incidence of aortic dilatation (35/94 vs 11/135, P < 0.001) and AD (5/94 vs 1/135, P = 0.033). Patients presenting with AS had a higher incidence of concomitant CAD (79/135 vs 34/94, P = 0.001). Patients presenting with AR had significantly thicker aortic walls (2.24 ± 0.37 vs 2.14 ± 0.39 mm, P = 0.031) and larger aortic sinuses, sinotubular junctions and ascending aortas (38.7 ± 9.2 vs 33.2 ± 6.8 mm, 36.5 ± 11.0 vs 30.0 ± 7.0 mm, 42.7 ± 18.9 vs 35.9 ± 8.7 mm, all P < 0.001). All patients underwent surgical AV replacement and, in 69 patients, the ascending aorta was replaced. Of these 69 patients, 27 patients suffered from AS, whereas in 42 patients the underlying pathology was AR.
The time between harvesting the sample of aortic wall and testing did not exceed 2 h in any case. The majority of tests were performed during the surgical intervention, so the results of the cohesion analyses of the aortic wall were available during the primary operation. The parameters P7, P8, and P9 assessed by the dissectometer (111.1 ± 79.2 vs 163.7 ± 87.7, 2.78 ± 1.73 vs 4.08 ± 2.26, 3.77 ± 1.92 vs 5.41 ± 2.42, all P < 0.001) revealed a lower cohesion of the aortic wall in patients presenting with AR (Table 2) .
Comparison between subgroups A, B, C depending on maximal aortic diameter A normal aortic diameter (MAD ≤39 mm; subgroup A) was found in 131 of those patients presenting with predominant AS (95/135 vs 36/94, P < 0.001). A mild aortic dilatation (MAD 40-49 mm; subgroup B) was observed in 52 patients, with no preference to any study group. An aortic aneurysm (MAD ≥50 mm; subgroup C) was found in 46 patients, with a significant predominance in the AR group (35/94 vs 11/135, P < 0.001). In this subgroup, all patients received a replacement of the ascending aorta. Cohesion testing, as well as in the histological examination, of the aortic samples revealed statistically significant differences between subgroups A and C in all obtained parameters. The comparison of subgroup A and B showed significant differences in the parameters P8 (4.08 ± 2.26 vs 2.78 ± 1.73, P = 0.001) and P9 (5.41 ± 2.42 vs 3.77 ± 1.92, P = 0.013). For the parameter P7 and the histological examinations, the results did not reach statistical significance (P = 0.063 and P = 0.056, respectively). Differences between subgroups B and C were too small to be considered of statistical significance (Tables 3 and 4) .
Comparison between aortic stenosis and aortic regurgitation within subgroup B (MAD 40-49 mm)
This subgroup consists of 29 patients presenting with AS and another 23 patients with AR. The aortic wall was thicker in the patients presenting with AR (2.33 ± 0.32 mm vs 2.1 ± 0.36 mm, Correlations between parameters P7, P8, P9 and ascending aorta
We observed a moderate correlation between the MAD and the P8 parameter for MAD ≤39 mm (P < 0.05) with a Spearman coefficient of 0.171. For MAD 40-49 mm, we found no correlation (dissectometer variables were independent on MAD). For MAD ≥50, P8 showed a negative correlation with a Spearman coefficient of −0.328.
Regression analysis
The univariate analysis of Group 1 showed that the aortic annulus, aortic sinuses and sinotubular junction influence the aortic diameter. In the multivariable analysis, the aortic diameter is only influenced by the aortic sinuses and sinotubular junction as also indicated in Tables 5 and 6 . The univariate analysis of Group 2 showed that the aortic annulus, aortic sinuses, sinotubular junction, aortic wall thickness, P8 and P9 influence the aortic diameter. In the multivariable analysis, the aortic diameter is only influenced by the sinotubular junction as also presented in Tables 5 and 6 .
DISCUSSION
AAD is estimated to occur in 3-4 cases per 100 000 persons per year. The true frequency of aortic dissection is difficult to determine and likely to be higher than currently reported. Most appraisals are based on autopsy studies-evidence of aortic dissection is found in 1-3% of all autopsies [5] . Despite recent improvements in diagnostics and therapeutic approaches, prognosis remains poor, with immediate death in 40%, and overall mortality of 26% among those who reach the emergency department [6] .
Current guidelines of the American College of Cardiology and American Heart Association recommend the replacement of the ascending aorta at the time of AV surgery if the diameter of the aorta exceeds 50 mm in any asymptomatic patient, or if the ascending aorta is >45 mm in patients with Marfan syndrome, connective tissue disorders or BAV [7, 8] . Despite the simplicity of this guideline, the discussion about the optimal surgical treatment of different patient population, e.g. those with BAV and mild-to-moderate ascending aortic aneurysms, is controversial. A high proportion of patients with a BAV and only mild-to-moderate aortic dilatation have severe histological abnormalities of the aortic wall that are not predictable with clinical and echocardiographic findings. In a recently published study from our group, we were not able to find any difference in aortic wall quality between tricuspid and bicuspid valves [9] .
Histological examination is currently considered to be the gold standard for the assessment of the aortic wall, though it suffers from several limitations. First, it is time consuming and does not allow for prompt intraoperative modification of surgery. Secondly, despite aortic dissection, no histological changes of the media could be observed in a significant proportion of patients [10] .
In addition, the majority of patients with acute type A aortic dissection present with aortic diameters <5.5 cm and thus do not fall within current guidelines for elective ascending aortic replacement [11] .
These data suggest that current risk stratification for aortic dissection or rupture is suboptimal, and that aortic replacement based solely on aortic diameter appears to be insufficient. Several groups recommend a more aggressive approach to replacing the ascending aorta and aortic root to prevent late AAD [12] . Methods other than simple size measurement of the ascending aorta alone are needed to identify patients at risk for dissection. The current available literature does not clearly define the criteria, and assessment of the aortic quality itself is difficult. However, aortic stiffness that can be estimated by an MRI-based evaluation of distensibility and pulse-wave velocity, might provide additional data to describe the properties of aortic wall. Groenink et al. [13] did such evaluations in Marfan patients, and they concluded that MRI is well suited to detect potential changes by measuring distensibility and pulse-wave velocity of the aortic wall.
Comparison of the aortic wall cohesion between normal and slightly dilated aortas in our study proved a statistically significant difference between both groups (no influence of the aortic diameter as proven by multivariable regression analyses), with no statistical differences between slightly dilated aortas and aortic aneurysms. It can be hypothesized that these two groups have a comparable risk of future dissection and therefore a cut-off value of 50 mm for preventative aortic replacement does not appear reasonable. Studies comparing aortic wall properties, including the occurrence of AAD in patients presenting with either AS or AR, are rare. AAD as a postoperative complication following AV surgery occurs in 0.6% of all cases and 13% of AD patients have a history of AV replacement. However, there are no reliable data available on the incidence of AS or AR in this patient population. Recent studies have identified AR, male sex and thinned or fragile aortic walls in patients with ascending aortic dilatation at the time of AVR as independent predictors for postsurgical aortic complications, suggesting that AR may promote aortic wall impairment to a greater extent than AS [14] . To reveal a possible causal link between AR and aortic wall destabilization, Roberts et al. compared the histological properties of the aortic wall in patients with stenotic and insufficient AVs, with the main focus on loss of aortic medial elastic fibres. Almost all patients with a stenotic valve had no loss of elastic fibres. In contrast, those patients presenting with pure AR had a much greater chance (nearly 50%) of having a significant loss of medial elastic fibres [15] .
This observation is confirmed by our study showing that patients presenting with AR have a poorer quality of the ascending aorta than those with AS. Interestingly, within the present study, we observed a greater aortic wall thickness in patients presenting AR than in AS patients as one would expect thinner aortic walls in AR patients. With regard to the results, it should certainly be acknowledged that although measured means of both aortic wall thicknesses differed from the mathematical point of view, all corresponding values are rather equal (2.14 ± 0.39 mm vs 2.24 ± 0.37 mm). In clinical practice, both values are similar and comparable despite their theoretical statistical difference (P = 0.03). Several pathological mechanisms may account for the association of ascending aorta dilatation with AR. Functional AR can derive from medial degeneration of the aortic wall and annulo-aortic ectasy; leaflet structural disease can cause root dilatation by increasing aortic wall stress in cases of both regurgitation and stenosis; AV disease and aortic aneurysm can also coexist, due to two different intrinsic etiologies.
AS is commonly accompanied by 'post-stenotic' dilatation, which is considered to be a more benign form than aortic dilatation, combining both annulus and root dilatation. Therefore, the recommendation for surgery in such cases is more conservative [16] . Unfortunately, the histo-pathological structure of the aortic wall is not known at the time of surgery as the results become available only 1 or 2 days later, rendering it unhelpful in the decision making process. Cohesion testing using the dissectometer gives a result within 10 min of sampling, which could be helpful in guiding the decision regarding to replace a dilated aorta.
CONCLUSION
Our study proves that patients presenting for AV replacement with AR have a poorer quality of the ascending aorta despite a superior thickness compared with patients with AS. In addition, patients with a slightly dilated aorta (40-49 mm) have a poorer cohesion of the aortic wall than patients with normal aortic dimensions without prevalence in both study groups. The cohesion of the aorta between a slightly dilated aorta and the aneurysm was comparable. Owing to the results of the present study we recommend a more aggressive and liberal replacement of the ascending aorta even in borderline AR-cases presenting a diameter of the ascending aorta of at least 40 mm.
Limitations of the study
The present study was performed at a single tertiary-care medical centre. The value of the study is limited by the size of the patient group. Furthermore, continued long-term follow-up in patients with AS and AR who received surgical AV replacement without replacement of the ascending aorta needs to be performed.
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